The fibrous self-compacting concrete is a high performance concrete with uniformly distributed iron fibers. Transmission measurements, with 137 Cs and 60 Co sources were performed for the attenuation coefficients determination for both ordinary and fibrous self-compacting concretes. The results were compared to each other and to the values found in the literature for ordinary concrete. The mass attenuation coefficient for the fibrous self-compacting concrete showed to be higher than those for ordinary concrete of about 5%, depending on the gamma energy. However, it should be noted that the density of fibrous self-compacting concrete is higher than ordinary concrete, 2.4 g/cm 3 and 1.9 g/cm 3 respectively, increasing still further the difference in mass attenuation coefficient. In addition to that, by using Monte Carlo simulations, with MCNP5 Monte Carlo computer code, the data was extended to the 50-3000 keV gamma energy range.
INTRODUCTION
Due to the increasing use of radioactive isotopes and linear accelerators in several fields of applications, such as industries, energy production and medical, there is also an increasing need to minimize the dose to the workers and to the public.
The facilities which deal with ionizing radiation of any type must comply with safety requirements and, at this stage, shielding calculations come into play. The large thickness of the concrete walls, ceiling and floor demand lots of space, especially in the cases of adjustments of an existing building or room for the new usage, imposing a great limitation in usable space for the equipment (Facure, 2007) .
The use of lead can be, sometimes, an option, especially for smaller walls thickness demands.
However, its cost is high and might be unsuitable, depending on the photon beam energy. On the other hand, ordinary concrete is a relatively inexpensive material, but needs larger thicknesses for the same shielding effect when compared to lead, due to its relatively lower attenuation coefficient.
Several studies have been carried out in order to determine the physical characteristics of building materials. Salinas et al. (2006) determined the mass attenuation coefficient for building materials commonly used in Brazil. Alan et al. (2001) reports that the mass attenuation coefficients for different soil samples and building materials in Bangladesh were determined. It was observed that heavy beach minerals, which are much denser than the other materials studied, showed photon attenuation coefficients higher than those for soil, sand and building materials. As it is well known, photon attenuation coefficients depend on the photon energy and the material's density (Akkurt et al, 2004 ).
This work presents data for a new type of concrete, the fibrous self-compacting concrete, which can meet something in between ordinary concrete and lead. Because of its higher attenuation coefficients and density than ordinary concrete, the use fibrous self-compacting concrete enables a reduction of walls thickness, without the cost and environmental impact risk created by the use of lead.
MATERIALS AND METHODS

Fibrous Self-compacting Concrete
The fibrous self-compacting concrete is a high performance concrete with the special characteristic of having, in its structure, steel fibers distributed uniformly (Maragon, 2006 and 2009). Due to its rheological properties, this concrete presents a reduced amount of voids when compared to ordinary concrete, therefore, ensuring uniformity and allowing its use for shielding due to the higher density in addition to the embedded steel fibers.
The increase of steel fibers, which reduces the possibility of cracks in the structures, make it possible to build thinner walls with the same reliability of ordinary concrete and further enhancing the gamma shielding.
The fibrous self-compacting concrete sample used in this work was prepared at the Federal University of Rio de Janeiro with a thickness of 7cm (Maragon, 2006 and 2009) . The density was calculated from several measurements and estimated to be 2.4 g/cm 3 .
Ordinary Concrete
In order to evaluate the measuring setup and methodology used, transmission measurements were carried out with an ordinary concrete sample and the mass attenuation coefficient was compared to the values available in the literature. The density was calculated from several measurements of the ordinary concrete sample and estimated to be 1.9 g/cm 3 .
Gamma Sources
Measurements were carried out with two sources: 137 Cs and 60 Co, with activities of 0.42 TBq and 0.0016 TBq respectively. The sources were positioned at a distance of 3m from the detector. The attenuation coefficients were determined for the energies of 662keV, 1172keV and 1332.5keV.
Detector
Experimental measurements were conducted using a 20% HPGe portable detector. Both sources and detector were collimated to ensure a parallel photon bean in order to precisely account for the thickness of the material to be considered in the calculation. Transmission measurements were performed with those two sources, corresponding to three gamma energies for the mass attenuation coefficients calculation.
Attenuation Coefficient (μ)
The linear attenuation coefficient for the different concrete types and energies were determined by the transmission measurement of collimated photon beam according to the following equation: Mathematical rearrangement of Eq. (1) yields to:
The mass attenuation coefficient (in cm 2 /g, can be calculated by dividing Equation 2 by the sample density: Co sources, the photopeak areas uncertainties were kept below 1%.
The radiation attenuation in air was not accounted for due to the fact that the calculations are based on the ratio I/I0, for both I and I0 the attenuation is the same and are canceled out.
Monte Carlo simulation
The Monte Carlo method is broadly used for photons and particles transport (Conti et al, 2013; Jacob et al., 1987; Moreira et al., 2010; Salinas et al., 2006; Salgado et al., 2006) . It became a powerful tool, very flexible and enables the analysis of a wide energy range. When used together with a spectrometry system, provides means to determine the detector's response function, optimizing both time and financial resources.
The chemical composition of the fibrous self-compacting concrete was calculates by the materials and quantities used for its manufacture. The data used for the computer simulations is presented in Table 1 . Bento, et. Al. • Braz. J. Rad. Sci. • 2017 
RESULTS AND DISCUSSION
In order to evaluate the measurement procedure used in this work, ordinary concrete was also measured and the results obtained were compared to the values found in the literature (Hubbell, 1997) . The results showed to be in good agreement, therefore, the measurement setup and procedure used could be accepted. Table 2 presents the comparison between the mass attenuation coefficients obtained in this work for ordinary concrete and the values presented in the literature. The densities of the samples used were found to be 1.9 g/cm 3 for ordinary concrete and 2.4g/cm It is clear, as expected, that the self-compacting concrete presents higher mass attenuation coefficients than ordinary concrete and, also, the difference increases as the energy decreases. Nevertheless, when considering the effect of the density in the overall gamma ray shielding, the difference between ordinary and fibrous self-compacting concrete can be much greater, reaching about 46% in the transmitted flux for a 662keV gamma flux and a 10cm thick concrete slab. The calculated transmitted flux and differences are presented in Table 4 . Table 5 presents the mass attenuation coefficient for fibrous self-compacting concrete for the 50-3000 keV energy range calculated by the MCNP5 Monte Carlo computer code. The use of fibrous self-compacting concrete as construction material for radioactive facilities can improve greatly the shielding effect of walls and ceiling.
CONCLUSION
The mass attenuation coefficients for a fibrous self-compacting concrete were determined by transmission measurement for the 137 Cs and 60 Co gamma emitting energies. The setup and methodology used was verified by the determination of the mass attenuation coefficients for ordinary concrete for the energies of interest and compared to data available in the literature and has proven to be effective.
The comparison between the mass attenuation coefficients for ordinary and the fibrous selfcompacting concrete showed the later to be as high as 5.7% and 3.5%, for the lower and higher used gamma energies. These differences are much prominent when considering the material's density. For a 10 cm concrete slab, the difference in the transmitted fluxes showed to be 46.4% and 28.5%, for the lower and higher used gamma energies.
The mass attenuation coefficients for fibrous self-compacting concrete were calculated for the 50-3000 keV energy range by the MCNP5 Monte Carlo computer code. The comparison of the data for the three gamma energies from 60 Co and 137 Cs both calculated experimentally and by MCNP5 showed very good agreement and the calculations have proven to be effective.
The fibrous self-compacting concrete showed a better performance in radiation shielding, and thus, can optimize designs in the field of radiation protection.
